Abstract Amyloid-β (Aβ) peptide plays an essential role in the pathogenesis of Alzheimer's disease (AD) and is generated from amyloid-β precursor protein (APP) through sequential proteolytic cleavages by β-site APP cleaving enzyme 1 (BACE1) and γ-secretase. Trafficking dysregulation of APP, BACE1, and γ-secretase may affect Aβ generation and disease pathogenesis. Sorting nexin 15 (SNX15) is known to regulate protein trafficking. Here, we report that SNX15 is abundantly expressed in mouse neurons and astrocytes. In addition, we show that although not affecting the protein levels of APP, BACE1, and γ-secretase components and the activity of BACE1 and γ-secretase, overexpression and downregulation of SNX15 reduce and promote Aβ production, respectively. Furthermore, we find that overexpression of SNX15 increases APP protein levels in cell surface through accelerating APP recycling, whereas downregulation of SNX15 has an opposite effect. Finally, we show that exogenous expression of human SNX15 in the hippocampal dentate gyrus by adeno-associated virus (AAV) infection can significantly reduce Aβ pathology in the hippocampus and improve short-term working memory in the APPswe/PSEN1dE9 double transgenic AD model mice. Together, our results suggest that SNX15 regulates the recycling of APP to cell surface and, thus, its processing for Aβ generation.
Introduction
Alzheimer's disease (AD) is the most common irreversible, progressive, and degenerative brain disease that causes dementia [1] . Pathological features of AD are extracellular senile plaques composed of fibrillar amyloid-β (Aβ) peptides and i n t r a c e l l u l a r n e u r o f i b r i l l ar y ta ng l e s c o nt ain i n g hyperphosphorylated tau, accompanied by synaptic dysfunction and neuronal death [1] [2] [3] . Aβ peptides are derived from the transmembrane glycoprotein amyloid-β precursor protein (APP) through the amyloidogenic proteolysis, during which process, APP is first cleaved by the β-secretase (β-site APP cleaving enzyme 1 (BACE1)) to generate an extracellular soluble sAPPβ and a membrane-associated APP β-carboxyl terminal fragment (CTF) [4, 5] . APP β-CTF is then cleaved by the γ-secretase complex that is composed of presenilin (PS, including PS1 and PS2), Nicastrin, APH-1, and PEN-2, to release Aβ [6] [7] [8] [9] . Alternatively, APP can be processed through a non-amyloidogenic pathway by α-secretase (mainly ADAM10), which cleaves APP within the Aβ sequence, precluding Aβ generation and releasing the neuroprotective soluble sAPPα instead [10] [11] [12] . Since APP is cleaved by various secretases during its trafficking within the cell, identifying proteins that can regulate APP transport and thus affect its processing for Aβ generation may shed light on elucidating the pathogenesis of AD. Recent studies have identified multiple APP-interacting proteins, such as Mints [13] , LRP [14, 15] , RanBP9 [16] , SorLA/LR11 [17, 18] , AP-4 [19] , FBL2
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Sorting nexin (SNX) family proteins contain a phox homology (PX) domain that mediates their binding to specific phosphatidylinositol phosphates. To date, 33 mammalian and 10 yeast SNXs have been identified, and many SNXs have been reported to regulate intracellular protein trafficking [26] [27] [28] . Among these SNXs, SNX17 has been found to interact with APP and affect APP processing/Aβ generation [22] , and SNX33 can regulate APP endocytosis dependent on its interaction with dynamin [29] . In addition, several other SNX family members such as SNX6 [30] , SNX8 [31] , SNX12 [32] , and SNX27 [33] have been found to regulate the trafficking of other proteins involved in AD [34] and thus also affect Aβ generation. However, whether and how the rest SNX family members affect Aβ production has yet to be determined.
The SNX family member sorting nexin 15 (SNX15) contains a PX domain which binds to phosphatidylinositol 3-phosphate (PtdIns(3)P) [35] and an microtubule interacting and trafficking (MIT) domain which binds to PtdIns(3)P more weakly than phosphatidylinositol 4-phosphate in a Ca 2+ -dependent manner [36] . Overexpressed GFP-SNX15 was localized to early endosome and early-to-late transition endosome, but not to late endosome/lysosome and TGN [35, 37] . SNX15 overexpression also altered endosome morphology and affected the endocytosis of transferrin and platelet-derived growth factor receptors, as well as the recycling of TGN38 and furin, resulting in a mislocalization of furin and a following inhibition of post-translational processing of insulin receptor and hepatocyte growth factor receptor precursors [37, 38] . Another recent study also revealed that SNX15 could regulate the endocytosis and degradation of epidermal growth factor receptor [35] . However, the role of SNX15 in AD is unknown.
In the present study, we found that SNX15 was abundantly expressed in adult mouse brain, especially in neurons and astrocytes. We demonstrated that SNX15 could affect APP processing and Aβ generation through regulating the recycling of endocytotic APP to cell surface. Moreover, we found that exogenous expression of human SNX15 significantly reduced Aβ plaques and improved short-term working memory in an AD mouse model. Together, these findings suggest that SNX15 regulates APP trafficking/Aβ generation and could represent a potential therapeutic target for AD.
Materials and Methods
Antibodies SNX15, EEA1, and Flag antibodies were purchased from Sigma-Aldrich. Aβ (6E10) and sAPPβ antibodies were purchased from Covance. GAPDH, β-actin, MAP2, PSD95, Notch intracellular domain (NICD), clathrin heavy chain 1 (CHC), and GFP antibodies were purchased from Cell Signaling Technology. Myc (9E10) antibody and mouse IgG were purchased from Santa Cruz Biotechnology. GFAP antibody was purchased from Millipore. ADAM10 antibody was purchased from Abcam. GluR1 antibody was purchased from Chemicon. Iba1 antibody was purchased from Wako Pure Chemical Industries. Alexa Fluor 594 F(ab)2 fragment of goat anti-rabbit IgG, Fluor 488 F(ab)2 fragment of goat anti-mouse IgG, and Alexa Fluor 350 F(ab)2 fragment of goat anti-mouse IgG were purchased from Invitrogen. Antibodies against APP (369), PS1-NTF (Ab14), and Nicastrin (719) were developed in our laboratory [39] . The 3D5 antibody against BACE1 was kindly provided by Dr. Robert Vassar.
DNA Constructs
The pCI-neo-SNX15-myc vector was a generous gift from Dr. Wanjin Hong. For constructing the SNX15-EGFP vector, human SNX15 protein-encoding sequence was amplified by polymerase chain reaction (PCR) using sense primer: 5′-CCC AAG CTT ATG CCT ACA ACA CAG CAG-3′ and antisense primer: 5′-CCC GGA TCC AGA AGG ATG AGA CCT TCA TA-3′ and subcloned into the pEGFP-C3 (Clontech) vector at HindIII and BamHI sites. The SNX15-2M-EGFP vector containing D216A/F217A double mutations was generated by using mutagenic PCR primers: 5′-CTT CAG GGA GTC CCC tCc GAC CCG TTG CCT GCC-3′ and 5′-GGC AGG CAA CGG GTC gGa GGG GAC TCC CTG AAG-3′. The pcDNA3.1-Notch-NδE and APP β-CTF expression plasmids were described previously [32] .
Cell Culture, Transfection, and Adeno-Associated Virus Infection Human embryonic kidney (HEK 293T), human neuroblastoma SH-SY5Y, and HT22 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Thermo Scientific) supplemented with 10 % fetal bovine serum (FBS) (Gibco), Lglutamine (2 mM), penicillin (100 units/ml), and streptomycin (100 μg/ml) (Invitrogen). Mouse neuroblastoma N2a cells were cultured in DMEM and Opti-MEM I (Invitrogen) (v/ v=1:1) supplemented with 10 % FBS L-glutamine (2 mM), penicillin (100 units/ml), and streptomycin (100 μg/ml). N2a cells stably expressing human wild-type APP695 (N2a695) were cultured in N2a media supplemented with additional 500 μg/ml G418. Primary cortical neurons were isolated from wild-type C57BL/6 or APPswe/PSEN1dE9 mice at embryonic days 17-18 (E17-18) and cultured in Neurobasal (Gibco) medium supplemented with B27 (Gibco), penicillin (100 units/ml), and streptomycin (100 μg/ml). All the cells were cultured in a humidified 37°C incubator with 5 % CO 2 ) were used to infect mouse primary neurons after 9 days in culture. Neurons were harvested for western blot analysis at 4-5 days post-infection.
RNA Interference
For gene silencing, short hairpin RNA (shRNA) targeting mouse SNX15 was designed and cloned into lentiviral vector pLL3.7 at HpaI and XhoI sites. The sense sequences were as follows: GTT TGA AGC CTC TGT GAT C (shRNA-1) and GCC ATA TCT GTA TTA ACTG (shRNA-2). The shRNA was transfected into N2a cells using Lipofectamine 2000 Reagent (Invitrogen) for 72 h, following the manufacturer's protocol. The human SNX15 small interfering RNA (siRNA) used was as follows: siSNX15-1: 5′-GGA CCC AGA GGA TGT CAA A-3′ and siSNX15-2: 5′-GCC AGG AAG GTG TGA AGA A-3′. The negative control siRNA was purchased from RiboBio. The siRNA was transfected into HEK 293T or SH-SY5Y cells using Lipofectamine RNAi MAX Transfection Reagent (Invitrogen) for 72 h, following the manufacturer's protocol.
Animals
Animals used in this study include C57BL/6 wild-type mice and APPswe/PSEN1dE9 AD model mice coexpressing the Swedish mutant APP and the exon-9 deletion mutant PS1 provided by Nanjing Biomedical Research Institute of Nanjing University, China. All animal procedures were in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of Xiamen University.
Western Blotting
Cells and mouse tissues were lysed in RIPA buffer (150 mM sodium chloride, 1.0 % NP-40, 0.5 % sodium deoxycholate, 0.1 % sodium dodecyl sulfate, 50 mM Tris-HCl, pH 8.0, supplemented with protease inhibitors and phosphatase inhibitors). Protein lysates were separated on SDS-polyacrylamide gels, electrophoretically transferred onto PVDF membrane, and immunoblotted with antibodies.
Immunofluorescence
Cells grown on coverslips were fixed in 4 % paraformaldehyde, permeabilized with 0.2 % Triton X-100 in PBS, incubated with primary antibody and then with fluorescenceconjugated secondary antibody, and observed under laser scanning fluorescence confocal microscope (Olympus, Japan) with 60× oil immersion objective. Quantitation of APP and BACE1 colocalization, indicated by Pearson's coefficient and overlap coefficient, was carried out by using Olympus imaging analysis software, following the manufacturer's instructions.
Reverse Transcription and Quantitative Real-Time PCR
Total RNAs were extracted from cells or mouse tissues using TRIzol reagent (Invitrogen), and equal amounts of total RNAs were used to synthesize the first-strand cDNA using ReverTra Ace qPCR RT Kit (TOYOBO) following the manufacturer's instructions. Quantitative real-time PCR was carried out using ABI 7500 Fast Real-Time PCR System (Life technologies) with FastStart Universal SYBR Green Master (ROX) (Roche). Primers used in real-time PCR amplification are shown in Table S1 .
Aβ ELISA Assay
The levels of Aβ40 and Aβ42 in conditioned media of treated cells were analyzed by sandwich ELISA using Human Abeta1-40/1-42 ELISA Kits (Cloud-Clone), following the manufacturer's instructions. In addition, hippocampal tissues of treated APPswe/PSEN1dE9 mice were homogenized with 1× Tris-buffered saline buffer containing 1 % Triton X-100 (TBSX) and centrifuged at 20,000×g for 1 h at 4°C. The supernatant, TBSX-soluble fraction, was allocated. The TBSX-insoluble pellets were resuspended in 5 M GuHCl, mixed by rotation at room temperature for 6 h, and centrifuged at 16,000×g for 30 min. Both TBSX-soluble and GuHClsoluble fractions were assayed for Aβ40 and Aβ42 levels by ELISA.
BACE1 Activity Assay
BACE1 activity was determined by using a commercial kit from Sigma-Aldrich, following the manufacturer's protocol.
Cell Surface Biotinylation and Endocytic Protein Recycling Experiments
Assays for cell surface biotinylation have been described previously [40, 41] . Protein recycling experiments were performed as described previously [42, 43] . Briefly, cells were labeled with EZ-Link ™ Sulfo-NHS-SS-Biotin (Thermo Scientific) at 4°C. After washing, cells were incubated at 37°C for 30 min to drive protein endocytosis. At the end of this incubation, cells were treated with glutathione at 4°C to cleave biotin from biotinylated proteins remaining at the cell surface. Cells were then incubated with serum-free media containing 50 mM glutathione at 37°C for various times to allow recycling to occur. Finally, cells were incubated with glutathione at 4°C to ensure complete cleavage of biotin from surface proteins. Residual biotinylated (internalized) proteins in cell lysates were affinity precipitated by Streptavidin Agarose Resin (Thermo Scientific) and detected by western blot. The reduction of biotinylated target proteins indicates their increased recycling to cell surface.
Stereotactic Injection of AAV and Mouse Studies
Stereotactic bilateral injections of AAV8 containing EGFP-2A-SNX15-3Flag or EGFP (1.5 μl, titer 2×10
12
) into hippocampal dentate gyrus of APPswe/PSEN1dE9 mice were carried out at the following coordinates: −2.0 anterior/posterior, ±1.6 medial/lateral, and 2 dorsal ventral relative to bregma (in millimeters) [44] . Six weeks after injection, mice were subjected to behavioral tests including open field test [45] and Y maze test [46] , following previously described protocols. Eight weeks after virus injection, mice were sacrificed and brain samples were dissected for immunohistochemistry and biochemical analyses.
Immunohistochemistry
Brain sections of treated APPswe/PSEN1dE9 mice were first incubated with anti-Aβ antibody (6E10) and then with biotinylated secondary antibody. Sections were stained with diaminobenzidine and subsequently with hematoxylin. Images were captured and the percentages of Aβ-immunolabeled area (positive pixels) were calculated by quantitative image analysis (Image Pro Plus).
Statistical Analyses
All statistical analyses were performed with GraphPad Prism 5. Results were expressed as means±standard error of the mean (SEM). Statistical significance was assessed by paired or unpaired t test.
Results

Expression Pattern of Mouse SNX15
Sequence analysis revealed that human SNX15 protein is highly homologous to those of mouse and rat (Fig. S1) . To study the expression pattern of SNX15, we compared SNX15 protein (Fig. 1a) and messenger RNA (mRNA) (Fig. 1b) levels in various adult C57BL/6 mouse tissues. The results showed that SNX15 was ubiquitously expressed in all tissues examined including the brain, heart, liver, spleen, lung, and kidney, with a relatively low expression in heart. Within the brain, SNX15 was comparably expressed in cerebrum, cerebellum, and hippocampus. In addition, we found that during development, SNX15 expression was detected in the brain early at embryonic day 12.5 (E12.5) and kept increasing until reaching a plateau at postnatal day 0 (P0) (Fig. 1c) , whereas the expression of the glutamate receptor subunit, GluR1, appeared later at E16.5. Furthermore, in different neural cell types, we found that SNX15 expression was much higher in neurons and astrocytes than in microglia (Fig. 1d) . Moreover, immunofluorescence study showed that endogenous SNX15 was distributed in the form of punctate spots in the cytosol of mouse primary cortical neurons and partially colocalized with the early endosome marker EEA1 (Fig. 1e) , consistent with a previous study showing partial localization of SNX15 in early endosomes [35] .
SNX15 Regulates APP Processing and Aβ Generation
When SNX15 was transiently overexpressed in N2a cells stably expressing APP695 (N2a695), we found that levels of secreted Aβ40 and Aβ42 in conditioned media were significantly decreased (Fig. 2a) . On the other hand, short hairpin RNA (shRNA)-mediated downregulation of SNX15 in N2a695 cells resulted in a dramatic increase of secreted Aβ40 and Aβ42 levels (Fig. 2b) . In addition, although modulation of SNX15 levels (overexpression to about eight-to ten folds of endogenous levels or downregulation to about one quarter of control levels) did not affect protein levels of full-length APP, ADAM10, BACE1, PS1-amino-terminal fragment (PS1-NTF), and Nicastrin (Fig. 2c) , overexpression of SNX15 markedly increased sAPPα levels (Fig. 2c, d ) and decreased levels of sAPPβ (Fig. 2c, e) and APP β-CTF (Fig. 2c, f) , whereas downregulation of SNX15 had opposite effects. In cultured primary neurons derived from E17.5 embryos of the APPswe/PSEN1dE9 AD model mice, adenoassociated virus (AAV)-mediated exogenous expression of human SNX15 also decreased Aβ40 and Aβ42 secretion (Fig. 2g) and increased sAPPα levels (Fig. 2h) , without affecting protein levels of full-length APP, ADAM10, BACE1, PS1-NTF, Nicastrin, and MAP2 (Fig. 2h) .
SNX15 Does Not Affect β-and γ-Secretase Activity
Consistent with the results in N2a695 (Fig. 2c) and APPswe/ PSEN1dE9 mouse primary neurons (Fig. 2h) , we found that neither overexpression nor downregulation of SNX15 affected protein levels of endogenous APP, ADAM10, BACE1, and γ-secretase components including PS1-NTF and Nicastrin in SH-SY5Y cells (Fig. S2a) , in N2a cells (Fig. S2b) , and in primary neurons from C57BL/6 mice (Fig. S2c) . In addition, downregulation of SNX15 had no effect on mRNA levels of APP, ADAM10, BACE1, PS1, and Nicastrin (Fig. S2d) .
Since Aβ is generated from APP through sequential cleavages by β-secretase (BACE1) and γ-secretase, we checked whether SNX15 affects the two enzymes' activity. As shown in Fig. 3a , downregulation of SNX15 by shRNAs in N2a cells did not affect BACE1 activity. APP β-CTF is the direct substrate of γ-secretase for Aβ production [1, 47] . In HEK 293T cells transiently expressing APP β-CTF, we found that overexpression or downregulation of SNX15 did not affect Fig. 1 SNX15 is abundantly expressed in adult mouse brain. a Equal protein amounts of lysates from various C57BL/6 mouse (2 months old) tissues were analyzed by western blot for SNX15 and GAPDH. SNX15 protein levels were quantified by densitometry, normalized to those of GAPDH, and compared to that of cerebrum (set as one arbitrary unit), n= 4. b SNX15 mRNA levels in various mouse tissues were determined by quantitative real-time PCR, normalized to those of β-actin, and compared to that of cerebrum (set as one arbitrary unit), n=4. c Equal protein amounts of brain lysates from C57BL/6 mice at different embryonic and postnatal developmental days were analyzed by western blot for SNX15, GluR1, and β-actin. SNX15 and GluR1 levels were quantified by densitometry, normalized to those of β-actin for comparison, n=3. d Equal amounts of protein lysates from primary cultured neurons, astrocytes, and microglia were analyzed by western blot for SNX15, MAP2 (neuron marker), PSD95 (neuron marker), GFAP (astrocyte marker), Iba1 (microglia marker), and GAPDH (loading control). e Mouse primary cortical neurons were subjected to immunofluorescent staining of SNX15 (in red) and EEA1 (in green). The nuclei were stained with DAPI (in blue). Lower panels were enlargements of neuron soma in upper panels. Scale bars 20 μm in upper panels and 5 μm in lower panels secreted Aβ40 and Aβ42 levels in conditioned media (Fig. 3b) , as well as APP β-CTF levels in cell lysates (Fig. 3c) . Notch is another important substrate of γ-secretase and can be cleaved to release NICD [48] . When Notch-NδE, a truncated Notch fragment that can be directly cleaved by γ-secretase, was transiently expressed in HEK 293T cells, we and control shRNA (Ctrl shRNA) for 72 h, and secreted Aβ40 and Aβ42 in conditioned media were quantified by ELISA, n=4, *p<0.05. c Equal amounts of conditioned media in a, b were subjected to western blot analysis for sAPPα and sAPPβ, and equal protein amounts of treated cell lysates were analyzed by western blot analysis for indicated proteins. d-f Levels of sAPPα (d), sAPPβ (e), and APP β-CTF (f) in c were quantified by densitometry, normalized to those of β-actin, and compared to those of controls (set as one arbitrary units), n = 3, *p<0.05, **p<0.01. g, h Primary cultured APPswe/PSEN1dE9 mouse neurons were infected with AAV8 expressing SNX15 (AAV SNX15) or EGFP (as control, AAV Ctrl) for 72 h. g Secreted Aβ40 and Aβ42 in conditioned media were quantified by ELISA, n=3, *p<0.05, **p<0.01. h sAPPα in conditioned media and indicated proteins in cell lysates were subjected to western blot. sAPPα levels were quantified by densitometry for comparison, n=3, *p<0.05
found that additional overexpression of SNX15 did not affect the generation of NICD (Fig. 3d) . Together, these results suggest that SNX15 does not affect BACE1 and γ-secretase activity.
SNX15 Affects Cell Surface Levels of APP Through Regulating APP Recycling
Altered APP trafficking may affect Aβ generation, and SNX15 has been known to regulate protein trafficking [37, 38] . Therefore, we asked whether SNX15 affects APP trafficking. Cell surface biotinylation experiments showed that overexpression ( Fig. 4a) and downregulation (Fig. 4b ) of SNX15 resulted in increased and decreased cell surface levels of APP, respectively, without affecting levels of BACE1 and PS1-NTF, indicating that SNX15 indeed affects APP trafficking.
Since SNX family members including SNX15 mainly regulate the endocytic pathways of protein trafficking, we first studied whether SNX15 affects APP endocytosis. Our results showed that when SNX15 was downregulated, the endocytic rate of APP was not affected (Fig. S3a) . Endocytic proteins can be either recycled back to the cell surface or delivered to lysosome for degradation. However, neither overexpression nor downregulation of SNX15 altered APP degradation rate when protein synthesis was inhibited by cycloheximide (Fig. S3b, c) . Instead, we found that overexpression of SNX15 promoted APP recycling back to cell surface (Fig. 4c) , whereas downregulation of SNX15 reduced APP recycling (Fig. 4d) . In contrast, recycling of PS1-NTF to cell surface was not affected upon overexpression or downregulation of SNX15 levels (Fig. 4c, d) . Therefore, these results suggest that SNX15 regulates recycling of endocytic APP to cell surface.
Downregulation of SNX15 Promotes Colocalization of APP and BACE1 Within the Cell
Downregulation of SNX15 reduces cell surface levels of APP without affecting total levels of APP, implying that APP is accumulated within the cell. Since recycling of endocytic APP is reduced upon downregulating SNX15 and BACE1 is mainly localized in acidic organelle such as endosomes for its optimal activity, we speculate that APP may have increased interaction with BACE1 possibly in endosomes upon SNX15 downregulation. Indeed, co-immunostaining of APP and BACE1 revealed that downregulation of SNX15 resulted in enhanced colocalization of APP and BACE1 within the cell Fig. 3 SNX15 does not affect β-and γ-secretase activity. a N2a cells were transfected with mouse SNX15 shRNA (shSNX15-1 and shSNX15-2) or control shRNA (Ctrl shRNA) for 72 h. Cell lysates were assayed for BACE1 activity using a commercial kit or analyzed for SNX15 and GAPDH by western blot, n=3, n.s. not significant. b, c HEK 293T cells were pre-transfected with APP β-CTF. After splitting equally, cells were transfected with SNX15 or control vectors for 36 h and human SNX15 siRNA (siSNX15-1 and siSNX15-2) or control siRNA (Ctrl siRNA) for 72 h. b Secreted Aβ40 and Aβ42 in conditioned media were quantified by ELISA, n=3, n.s. not significant. c Cell lysates were analyzed for β-CTF, SNX15, and β-actin by western blot. d HEK 293T cells were pre-transfected with Notch-NδE. After splitting equally, cells were transfected with different amounts of SNX15 or control vectors for 36 h. Cell lysates were analyzed by western blot for Notch-NδE, NICD, SNX15, and GAPDH. NICD levels were quantified by densitometry, normalized to those of Notch-NδE, and compared to those of controls (set as one arbitrary units), n=3, n.s. not significant (Fig. 5a, b) , implying that APP is subjected to increased BACE1 cleavage for Aβ production upon SNX15 downregulation.
Exogenous Expression of Human SNX15 Reduces Aβ Deposition and Improves Short-Term Working Memory in APPswe/PSEN1dE9 Mice
To confirm the role of SNX15 in regulating Aβ generation in vivo, we generated an adeno-associated virus serotype 8 (AAV8) containing human SNX15 cDNA (Fig. 6a) . AAV8-EGFP-SNX15 (AAV SNX15) or AAV8-EGFP (as control, AAV Ctrl) was bilaterally injected into the hippocampal dentate gyrus area of 7.5-8-month-old APPswe/PSEN1dE9 transgenic AD model mice. Stereotactic injection resulted in local expression of EGFP (Fig. 6a) . The protein expression of exogenous Flag-tagged SNX15 in the hippocampus was also confirmed by western blot (Fig. 6d) . Eight weeks after AAV8 injection, Aβ plaques in hippocampal sections were detected by immunohistochemistry. We found that Aβ plaques in the hippocampus were dramatically reduced in mice expressing exogenous SNX15 when compared to control group (Fig. 6b) . However, there was no significant change of Aβ plaques in cortical regions, and this is possibly because the AAV spread was limited to the hippocampus (data not shown). In addition, we extracted proteins from treated mouse hippocampal tissues and measured Aβ40 and Aβ42 levels by ELISA analysis. The results showed that both Tris-buffered saline with 1 % Triton X-100 (TBSX)-soluble and TBSX-insoluble (redissolved in 5 M GuHCl) Aβ40 and Aβ42 levels were significantly reduced in APPswe/PSEN1dE9 mice expressing exogenous SNX15 (Fig. 6c) . Moreover, western blot results showed that although the levels of APP, AD-AM10, BACE1, and Nicastrin were not altered, the levels of APP β-CTF were markedly reduced in the hippocampus of APPswe/PSEN1dE9 mice expressing exogenous SNX15 (Fig. 6d, e) . Cells were subjected to surface biotinylation. After lysing and affinity precipitation, biotinylated (cell surface) and lysate proteins were analyzed by western blot for APP, BACE1, and PS1-NTF. Their levels in cell surface were quantified by densitometry, normalized to those in lysates, and compared to those of controls (set as one arbitrary units), n=3, **p<0.01; n.s. not significant. c, d Alternatively, cells were subjected to cleavable biotinylation at 4°C, incubated at 37°C for 30 min to induce endocytosis, treated with glutathione at 4°C to cleave biotin of remaining surface proteins, incubated at 37°C again for indicated time periods, and then treated with glutathione at 4°C again to cleave biotin of recycling proteins. After lysing and affinity precipitation, biotinylated (internal) APP and PS1-NTF were analyzed by western blot, quantified by densitometry, and normalized to those at time zero (set as one arbitrary units) for comparison, n=3, *p<0.05, **p<0.01
Behavioral tests were carried out 6 weeks after AAV8 injection. In open field test, there were no significant differences between AAV8-EGFP-SNX15-and AAV8-EGFP-infected APPswe/PSEN1dE9 mice in terms of total distance traveled and time spent in the center (Fig. 6f) , indicating that exogenous expression of SNX15 did not alter the locomotor activity and anxiety responses of APPswe/PSEN1dE9 mice. In Y maze test, the percentage of alternations triplet was tested to assess spontaneous alternation behavior and we found a significant increase in AAV8-EGFP-SNX15-injected APPswe/ PSEN1dE9 mice when compared to control mice (Fig. 6g) , indicating that exogenous expression of SNX15 can improve short-term working memory in APPswe/PSEN1dE9 mice.
Discussion
Subcellular localization of APP greatly affects its amyloidogenic processing to generate Aβ, whose progressive aggregation and deposition in the brain play an important role in the pathogenesis of AD [34, 49] . Although APP trafficking has been found to be regulated by various factors, the detailed underlying mechanisms are only partly understood. In this study, we demonstrate that SNX15, a protein abundantly expressed in neurons, can also regulate APP processing and Aβ generation through modulating the recycling of endocytic APP back to cell surface. Since another SNX family member, SNX17, is found to interact with APP intracellular domain and affect APP stability and Aβ production [22] , we also explored whether SNX15 interacts with APP. However, our results showed that there was no direct interaction between the two (Fig. S4) .
It has been reported that clathrin mediates endocytosis of APP [50] . One recent study showed that SNX15 can interact with CHC through its L 214 FDPF 217 motif and deletion of this motif or individual mutation of amino acids within this motif abolishes their interaction [35] . Therefore, we studied whether SNX15 regulates clathrin-mediated APP trafficking and thus processing through its interaction with CHC. Although we confirmed that SNX15 interacted with CHC but SNX15 double mutation (D   216   P  217 to A   216   A   217 ) did not (Fig. S5a) , we found that overexpression or downregulation of SNX15 did not affect CHC levels (Fig. S5b) ) similarly reduced secreted Aβ42 levels (Fig. S5c) and increased sAPPα levels (Fig. S5d) . These results indicate that the effect of SNX15 on APP trafficking does not depend on the interaction between SNX15 and CHC.
Since there are many proteins interacting with and affecting APP trafficking, one possibility is that SNX15 regulates APP trafficking through modulating such proteins. For example, another SNX family member, SNX33, is found to regulate APP endocytosis through interacting with dynamin [29] . Therefore, it is possible that SNX15 may also regulate APP trafficking through interacting with dynamin, which deserves further scrutiny.
Consistent with in vitro results, we found that exogenous expression of human SNX15 in the hippocampal dentate gyrus also significantly reduced Aβ pathology in APPswe/ PSEN1dE9 AD model mice (Fig. 6b, c) . Notably, exogenous Fig. 6 Expression of human SNX15 decreases Aβ deposition and promotes spontaneous alternation in APPswe/PSEN1dE9 mice. a Schematic illustration of the AAV8 construct for expression of human SNX15 and EGFP (upper) and the workflow of stereotactic AAV injection experiments (lower left). A representative EGFP fluorescence image of a dentate gyrus section at 8 weeks after AAV injection (lower right). b Hippocampal sections of treated mice were subjected to immunohistochemical detection of Aβ plaques using the 6E10 antibody. Percentages of Aβ-immunolabeled area captured (positive pixels) were calculated by quantitative image analysis, n=3, **p<0.01. c Hippocampal tissues of treated mice were lysed in TBSX and TBSXinsoluble remnants were redissolved in 5 M GuHCl. Aβ40 and Aβ42 in TBSX and GuHCl fractions were measured by ELISA assays, n=6, *p<0.05. d, e Indicated proteins from hippocampal lysates of treated mice were d analyzed by western blot and e compared after densitometry quantification, n=4, *p<0.05; n.s. not significant. f, g Treated mice were subjected to various behavioral test analyses, including f total distance moved and the percentage of time in the center during open field test and g spontaneous alternations during Y maze test, AAV Ctrl, n=8 mice; AAV SNX15, n=12 mice, **p<0.01; n.s. not significant expression of SNX15 in APPswe/PSEN1dE9 mice promoted their spontaneous alternation during Y maze test (Fig. 6g) , which is used to evaluate short-term working memory capacity [51] [52] [53] . Hence, our results suggest that exogenous expression of SNX15 is beneficial for short-term memory, implying that SNX15 might be a potential target for AD intervention.
